T'he brains of dogs subjected to total cardiac bypass were examined for early signs of ischaemic nerve cell changes. Diffuse nerve cell changes were found immediately following two-and threehour non-pulsatile perfusions but not following pulsatile perfusions of the same durations. The nerve cell changes found in the brains were acute cell swelling and early isohaemic cell change. Acute cell swelling was found only in the cerebellar Purkinje cells. Ischaemic cell change was found in several regions of the brain but the cerebral cortex and cerebellar Purkinje cells were most frequently affected. Diffuse nerve cell changes are attributed to non-pulsatile blood flow but some complicating factors are recognized.
T'he brains of dogs subjected to total cardiac bypass were examined for early signs of ischaemic nerve cell changes. Diffuse nerve cell changes were found immediately following two-and threehour non-pulsatile perfusions but not following pulsatile perfusions of the same durations. The nerve cell changes found in the brains were acute cell swelling and early isohaemic cell change. Acute cell swelling was found only in the cerebellar Purkinje cells. Ischaemic cell change was found in several regions of the brain but the cerebral cortex and cerebellar Purkinje cells were most frequently affected. Diffuse nerve cell changes are attributed to non-pulsatile blood flow but some complicating factors are recognized.
Focal lesions found in three brains may have been due to embolism by blood cell aggregates and/or gas microbubbles.
Roller pumps are currently in general use for the production of extracorporeal circulation during open-heart surgery. Their remarkable efficiency and easy control have been a hindrance to the development of alternative types of pump. However, an increasing volume of evidence supports the view that pumps producing pulsatile blood -flow would provide more efficient tissue perfusion than roller pumps producing ripple (non-pulsatile) blood flow. We have performed experiments to test this view using brain damage as a criterion for assessing tissue perfusion.
MATERIALS AND METHODS
General anaesthesia was induced in 20 beagle and harrier dogs, 6-5-20-0 kg body weight, by intravenous injection of 0 25-0 5 g of sodium thiopentone (Intraval). After endotracheal intubation the dogs were artificially ventilated by a Palmer Ideal respirator delivering 200-400 ml/stroke at 16 strokes/min, and light anaesthesia was maintained with a variable mixture of 0{0-2-0%
halothane (Fluothane) in nitrous oxide and oxygen. A modified Drew (1961) technique was used to establish an extracorporeal circulation, employing either occlusive DeBakey roller pumps for nonpulsatile blood flows (DeBakey, 1934) or the MortonKeele prototype pulsatile pump (Sanderson et al.) with Harvard remote diaphragm heads. The circuit tubing was 6-0 mm internal 'diameter polyvinyl chloride (PVC) . The reservoirs were also PVC and each reservoir had a capacity of 300 ml. The heat exchanger consisted of four stainless steel tubes each 15 m in length and with an internal diameter of 6-0 mm mounted in a copper water jacket. The heat exchanger was placed in the left atrial return instead of being in the delivery line from the left pump. This translocation was introduced to reduce damping of the pulse delivered by the pulsatile pump.
All of the cannulae were made of stainless steel.
The atria were drained through 6&0 mm internal diameter fenestrated cannulae. The internal diameters of the arterial cannulae were 4-0 or 5-0 mm for the pulmonary artery, 2 5, 3 0 or 3-5 mm for the femoral artery, and 4 0, 5 0 or 6-0 mm for the proximal aorta, depending upon the diameter of the lumen of the artery.
The extracorporeal circuit was primed with 1,300 ml dog blood; 10 ml 10% low molecular weight dextran in 0-9% sodium chloride (Rheomacrodex) and 4 ml 10% mannitol/kg of body weight; plus 4 ml 20% sodium bicarbonate, 2,500 international units heparin, and 3 ml 20% calcium chloride/ 500 ml priming fluid.
Using clean surgical techniques, a median sternotomy was performed to permit cannulation of the right and left atria and the pulmonary artery. For non-pulsatile flow, the aorta was retrogradely perfused through the left femoral artery. The proximal aorta was cannulated for pulsatile flow because earlier experiments had shown that the pulse is severely damped when perfusing through narrow cannulae such as those necessary for femoral artery inputs.
A standard pulse frequency of 100/min was em- (Table I) . Rewarming was begun during the last 20 minutes of perfusion to raise the oesophageal temperature to 29-9-35 6' C before defibrillation. 1 hr non-pulsatile   0  2 hr pulsatile  3  2 hr non-pulsatile   0  3 hr pulsatile   0   3 hr pulsatile  0  3 hr pulsatile   0  3 hr pulsatile  0  3 hr non-pulsatile  0  3 hr non-pulsatile  3  3 hr non-pulsatile  0  3 hr non-pulsatile  3  3 hr non-pulsatile  0  3 hr non-pulsatile  0  3 hr non-pulsatile   1 The second number refers to the Keele series  ICC=ischaemic cellchange  ACS-=acute cell swelling During perfusion, the fluid levels in the reservoirs were kept constant by homologous blood infusions. One femoral artery was exposed and a no. 6 French side-eye pressure catheter was passed up to the lower abdominal aorta for the measurement of arterial blood pressure (AP). The catheter was connected by stiff polythene tubing to a 0-300 mmHg strain-gauge pressure transducer with an input to an Elema-Schonander Mingograph multichannel pen recorder. Heparin (300 i.u./kg) was administered before the introduction of the femoral artery pressure catheter. Venous blood pressure (VP) was measured by a saline manometer connected to a 17-gauge intravenous cannula passing through the skin into the right cephalic vein. Both AP and VP were recorded at 10-minute intervals before and during extracorporeal circulation. The oesophageal temperature and electrocardiograph were continuously monitored. Blood samples were obtained from the femoral artery before perfusion and from a two-way sampling tap in the left atrial drain during perfusion for estimates of arterial blood carbon dioxide tension (PAco2), pH, standard bicarbonate, and base excess using Astrup micro-equipment. Base deficits were corrected with sodium bicarbonate. After defibrillation the animals were perfuse-fixed by the technique of Wright and Sanderson (1970) .
Five dogs served as controls; four of these were subjected to thoracotomy under general anaesthesia and immediately perfuse-fixed. The fifth dog was maintained under general anaesthesia for three hours with the thoracic and pericardial cavities open before perfusion-fixation.
RESULTS
Typical abdominal aorta blood pressure records are shown in Figure 1 Grade 5 brains were rejected. Total ischaemic cell change (ICC) and total acute cell swelling (ACS) were derived by the vertical addition of columns in Tables II and III in which the histological results are listed. The method of quantifying nerve cell changes was taken from Brown and Brierley (1968) . The hypophysis is not included in the tables because no cell damage was observed in either the neurohypophysis or adenohypophysis in any of the experiments.
No nerve cell changes were found in any of the five control dogs including the dog maintained under anaesthesia for three hours (Figs 2 and 3 ). In the brains of experimental animals, nerve cell changes were of two types-diffuse and focal.
Where nerve cells undergoing pathological changes were randomly distributed over a wide area, they were categorized as diffuse cell changes. Focal lesions were small and well defined. They were either oval or wedge-shaped, and the widest dimension never exceeded 4-0 mm. Diffuse cell changes were further classified as ICC and ACS. Microvacuolation, homogenizing cell change, and ischaemic cell change with incrustations were not found as diffuse changes.
Ischaemic nerve cell changes were found in all cases after two or three hours of non-pulsatile perfusion but not after pulsatile perfusions of the same durations (Table II) . % , "
.1 ( Fig. 4) to marked shrinkage of both the perikaryon and nucleus and corkscrew deformation of the cell processes (Fig. 5) . Many of the capillaries in regions of ICC had collapsed and had developed prominent perivascular spaces. The regions most frequently affected by ICC were the cerebral cortex and cerebellar Purkinje cells. The boundary zones of the major cerebral arteries were affected more often than other regions of the cerebral cortex, and pyramidal nerve cells were affected more often than non-pyramidal nerve cells. Layers 3 and 5 of the cerebral cortex were selectively damaged in two of the three-hour non-pulsatile perfusions.
Purkinje cells undergoing ACS were found after one two-hour and two three-hour non-pulsatile perfusions (Table III and Fig. 6 ). These cells had grossly swollen perikarya due to the formation of a wide peripheral clear space in the cytoplasm Care was taken not to confuse this intracellular space with the space that commonly forms around FIG. 5 . Severe ischaemic cell change in dog cerebral cortex; 3 hours' non-pulsatile flow (luxol fast blue and cresyl fast violet x400).
nerve cells undergoing ICC. It was usual to find focal regions of rarefied neuropil, 10-50 ,u in diameter, in the molecular layer of the cerebellum close to swollen Purkinje cells. Regions of rarefied neuropil were most conspicuous in sections stained with H-PAS (Fig. 7) .
Isolated focal lesions were found in the brain after one two-hour non-pulsatile and after two three-hour pulsatile perfusions (Figs 8 and 9 ). These lesions were characterized by focal staining pallor and minimal degeneration of the nerve cells within the lesion. Nerve cells exhibiting ICC were present in these lesions along with nerve cells that stained very palely and appeared to be deficient in cytoplasmic organelles and nuclear chromatin. Many nerve cell processes appeared to be swollen and some oligodendrocytes had dark-staining nuclei with swollen pale-staining perikarya. Nerve cells and glia close to the lesion appeared to be normal. Experiment no. Perfusion-fixation tended to be less successful after non-pulsatile than after pulsatile experiments, judged by the macroscopic appearance of the brain (Table I ). An attempt to improve the quality of fixation following non-pulsatile extracorporeal circulation was made in experiment 20/149 by using 5 litres of fixative instead of 2 litres. Perfusion-fixation was judged to be excellent in this experiment but some ICC was found in microscope sections.
In Table IV The teleological evidence has been presented by Wilkens, Regelson, and Hoffmeister (1962) who correlated the evolutionary transition from aquatic to terrestrial environments with the development of high blood pressures and pulse pressures in vertebrates. Unfortunately, the authors selected specialized representatives of the various classes for their schema of cardiac evolution. However, there may be some significance in the systolic pressure difference of 300% between frog and pigeon and a 400% higher pulse-pressure in the pigeon. By these devices, the supply of nutrients STATISTICAL COMPARISONS OF and oxygen to the tissues and the rate of movement of interstitial fluids are increased.
Two important features of vertebrate evolution have been compartmentalization of the heart culminating in the four-chambered mammalian heart, and the abandonment of lymphatic hearts as arterial pulse pressure amplitudes were increased. The monumental and diligent researches of McMaster and Parsons (1938) and Parsons and McMaster (1938) on the spread of dyes in isolated, perfused rabbit ears established that arterial pulsations are important for promoting the movement of interstitial fluids, and for the formation and flow of lymph. In the brain, the lymphatic system is represented by the cerebral ventricles containing cerebrospinal fluid (CSF). The arterial origin of CSF pressure pulsations is well documented (O'Connell, 1943; Bering, 1955; de Langen, 1959; Greenfield and Tindall, 1965; Dunbar, Guthrie, and Karpell, 1966; Laitinen, 1968) . If arterial pulsations are important in promoting the formation and flow of interstitial fluids, lymph, and CSF, a theoretical case for pulsatile perfusion can be established. During non-pulsatile perfusions the interstitial fluid pressure will rise because of the reduced rate of lymph or CSF movement. The reduced pressure gradient between the capillaries and interstitial spaces will decrease the rate of transudation across the capillary wall, but the interstitial fluid pressure will continue to increase because of the high oncotic pressure of the tissue fluid. Eventually the interstitial fluid pressure may exceed capillary pressure and the capillaries will collapse. Thereafter, blood may flow only in microcirculatory shunts, as observed by Takeda (1960) . A mechanism such as this could explain the numerous collapsed capillaries and the diffuse ICC found in our dog brains and in the brains of open-heart surgery patients (Bj6rk and Hultquist, 1960; Silverstein, Jacobson, Kreel, and Krieger, 1960; Fowler, Kavan, and Walter, 1962; Brierley, 1963 Brierley, , 1967 Javid et al., 1969 Schweikert and Sickinger (1960) , Almond et al. (1964) , Connolly, Roy, Guernsey, and Stemmer (1965), Miller, Hallaba, and , and Steegmann and Miller (1965) .
The theoretical case for pulsatile blood flow is strengthened by the analysis of haemodynamic energy performed by Shepard, Simpson, and Sharp (1966) , who also verified the analysis both experimentally and clinically. This analysis predicts higher mean flow rates for pulsatile flow compared with non-pulsatile flow at equal mean arterial blood pressures. The mechanism may depend upon the reflexogenic activity of the carotid baroreceptors which respond to a change from pulsatile to non-pulsatile blood flow in the same way as they respond to sudden hypotension, that is by reflex vasoconstriction. It is well known that the carotid baroreceptors do respond to both static and pulsatile components of total energy (Ead, Green, and Neil, 1952; Filistovich, Gero, and Gerova, 1966; Giron, Birtwell, Soroff, and Deterling, 1966; Koushanpour and McGee, 1969; and the effect may be augmented by the release of vasoconstrictive humoral agents during non-pulsatile blood flows (Kohlstaedt and Page, 1940; Deterling, 1968a: Many et al., 1968b; Many et al., 1969) . Reflex or humoral vasoconstriction could explain the higher PVRs in our dogs perfused with non-pulsatile flow compared with those perfused with pulsatile flow.
Pulsatile blood flow confers the advantages of agitating the diffusion shells of metabolic substances in the tissues and improving gas exchange.
Metabolic studies have shown that the rate of tissue respiration is higher during pulsatile than during non-pulsatile perfusion (Nonoyama, 1960; Ida, 1962: Shepard and Kirklin, 1969; Trinkle, Helton, Wood, and Bryant, 1969) . Pulsatile blood flow may be associated with a lower 'critical closing pressure' (Burton, 1954) than non-pulsatile flow because blood flow in capillaries will occur during peak systole even when the mean blood pressure is slightly below the 'critical closing pressure' for non-pulsatile flow.
Non-pulsatile flow is associated with a depression of kidney function not found during pulsatile perfusion (Hooker, 1910; Gesell, 1913; Judson and Rausch, 1957; Many et al., 1967; Many et al., 1968a Many et al., , 1968b Jacobs et al., 1969; Paquet, 1969);  moderate to severe hydropic degeneration of kidney tubules is found only after non-pulsatile perfusion (Dalton, McCarty, Woodward, and Barila, 1965a; Dalton, Mosley, Woodward, and Barila, 1965b) ; and unilateral renal artery depulsation results in increases in juxtaglomerular cell granulation and in tissue renin content that correlate with decreases in sodium and water excretion .
In contradiction, Selkurt (1951) found no changes in plasma flow or filtration rate in kidneys perfused with a wide range of pulse pressure amplitudes; depulsation of dog renal arteries produced no significant changes in the excretion rates of water and electrolytes, or in the clearances of inulin and paraminohippurate (Goodyer and Glenn, 1951) ; the increase in peripheral vascular resistance alleged to be associated with nonpulsatile perfusion (Nonoyama, 1960; Takeda, 1960; Nakayama et al., 1963; Burns, McInnes, and Mandelbaum, 1965; Mandelbaum et al., 1965; Mandelbaum and Bums, 1965; Jacobs et al., 1969) was not produced during perfusions of the kidneys by Ritter (1952) and by Paquet (1965) ; Randall and Stacy (1956) detected only non-significant differences in blood flows in the hind legs of dogs perfused with pulsatile and non-pulsatile blood flows at equal mean blood pressures; and turbulence and vorticity are more apparent in pulsatile than in non-pulsatile flows (Attinger, 1964) .
Possibly the most influential barrier to the adoption of pulsatile flow for extracorporeal circulation has been the researches of Wesolowski, Fisher, and Welch (1953) . They found that nonpulsatile right-heart bypass was compatible with normal respiratory functions and no permanent alterations in circulatory dynamics. This was later supported by Clarke, Kahn, Dufek, and Sloan (1968) and by Wemple, Mockros, and Lewis (1969) . In the same series of experiments, Wesolowski produced preliminary evidence that pulsatile perfusion caused less systemic hypotension than nonpulsatile flow, but the point was subsequently negated by their finding no significant differences in haemodynamics, kidney function, vascular tone, recovery rate, blood indices, and organ histology between dogs perfused with pulsatile and nonpulsatile flows (Wesolowski, Sauvage, and Pinc, 1955) . The criticism made against these results is that the use of high flow rates (130 ml/kg per minute) by Wesolowski probably obviated the differences (Ogata et al., 1960) .
Therefore, the evidence in favour of pulsatile perfusion is strong. The confusion that remains may be largely due to the failure of some authors to define their concept of 'pulsatile blood flow'. Few reports provide blood pressure or flow records, and it is clear that some of the so-called 'pulsatile' pumps deliver sinusoidal pressure and flow wave-forms that are totally different from those generated by the heart. It is our opinion that a rapid upstroke on the phasic pressure waveform is necessary to maximize haemodynamic energy, that is to maximize the difference between mean blood pressure and 'energy equivalent pressure' (Shepard et al., 1966) .
A further cause of confusion may be the variety of investigative techniques employed and the choice of different recovery durations. The brain is the organ most susceptible to hypoxia and ischaemia but the nerve cell changes found in our dogs were minor and possibly reversible. These changes closely resemble the artefacts produced by inadequate fixation and we have taken great care to avoid this complication. However, perfusionfixation appeared to be less efficient after nonpulsatile than after pulsatile perfusions. The grade of fixation correlated poorly with the incidence of nerve cell changes and cell changes were found even in well fixed brains. Therefore, it appears that this was not an important mechanism in our experiments, but it is possible that nerve cell changes caused by non-pulsatile blood flow were augmented by fixation artefacts but were not entirely attributable to them.
Our results can be criticized for three other reasons. First, blood flow in the aorta was retrograde during non-pulsatile and prograde during pulsatile perfusions. Turbulence, cavitation, and venturi effects may be produced at branch orifices by retrograde blood flow, particularly in the splanchnic region where the arteries arise at acute angles from the aorta. However, this may not occur at the aortic arch where the angle subtended between the branches and the aorta is approximately 900. Therefore, cerebral perfusion is unlikely to be affected by retrograde blood flow in the aorta. This conclusion is supported by measurements made on squirrel monkeys by Lees et al., 1971. Secondly, although PACO2 was controlled by variations in the respiratory gas mixture, it is clear that this control was not adequate because PACO2 was usually higher during pulsatile than during non-pulsatile perfusions (Table IV) . This difference was not statistically significant, but the failure to establish a statistical relationship does not prove the absence of one, so that our results may be attributed to higher cerebral blood flows caused by CO2 vasodilatation during pulsatile perfusions (Harper, 1965; Zwetnow, 1968) . However, in our experiments, the cerebral blood vessels were probably dilated in both groups of dogs by halothane anaesthesia (Christensen, H0edt-Rasmussen, and Lassen, 1967) , and the effect of CO2 may have been reduced by the general systemic hypotension (Zwetnow, 1968) . Furthermore, in the non-pulsatile group, tissue hypoxia would be liable to increase cerebral blood flow (Pontdn and Siesjo, 1965) . Finally, the mean arterial blood pressure was higher in the non-pulsatile group, so that the effects of CO2 in cerebral blood flow must have been minimal.
The third criticism is more refractory. This is that the nerve cell changes found in non-pulsatile experiments may have been caused by blood sludging in the microcirculation as a result of increased blood viscosity. There is no experimental evidence for this conclusion except that sequestered red cells were seen in some capillaries in the brains of dogs subjected to non-pulsatile extracorporeal circulation. Blood viscosity may have been increased by plasma protein denaturation, which was not measured, and/or by haemolysis, which in in vitro tests was found to be 30 times higher with a DeBakey roller pump than with our new pulsatile pump.
Thus, the preferred conclusion is that early, diffuse nerve cell changes are to be attributed to non-pulsatile perfusion, but retrograde blood flow, lower arterial carbon dioxide tensions, higher rates of haemolysis, and interference with perfusionfixation by microcirculatory changes resulting from non-pulsatile perfusion are admitted as complicating factors. However, it may safely be concluded that tissue perfusion was improved by using the Morton-Keele pulsatile pump when compared with perfusions employing DeBakey roller pumps.
Focal lesions were evident at a surprisingly early stage of these experiments. They were probably caused by cerebral emboli. In vitro tests performed in our laboratories indicate that gas microbubbles liberated during rewarming and aggregates of blood cells are possible causes of cerebral embolism.
The opinions expressed above have been influenced by some other experiments performed in our laboratories. These include electron microscope examinations of the brain and automated nerve cell counts following extracorporeal circulation in dogs, brain histology of dogs allowed to recover after perfusions, and in vitro studies using an ultrasonic blood flow detector to detect gas microbubbles and cellular aggregates in circulating blood. The results of these experiments will be submitted for publication shortly.
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